Immunohistochemical expression analysis of mismatch repair gene products has been suggested for the prediction of hereditary nonpolyposis colorectal cancer (HNPCC) carrier status in cancer families and the selection of microsatellite instability (MSI)-positive tumors in sporadic colorectal cancer. In this study, we aimed to evaluate hMSH2 and hMLH1 immunohistochemistry in familial and sporadic colorectal cancer. We found that immunohistochemistry allowed us to identify patients with germline mutations in hMSH2 and many cases with germline mutations in hMLH1. However, some missense and truncating mutations may be missed. In addition, hMLH1 promoter methylation, commonly occurring in familial and sporadic MSI-positive colorectal cancer, can complicate the interpretation of immunohistochemical expression analyses. Our results suggest that immunohistochemistry cannot replace testing for MSI to predict HNPCC carrier status or identify MSI-positive sporadic colorectal cancer. (Lab Invest 2001, 81:535-541).
C olorectal cancer poses a major public health problem in most Western countries. At least 10% of the occurrences have been estimated to be attributable to a primary genetic factor (Lynch and de la Chapelle, 1999) . Hereditary nonpolyposis colorectal cancer (HNPCC) is the most common syndrome with an increased risk for colorectal cancer. HNPCC families segregate germline mutations in one of the DNA mismatch repair (MMR) genes (hMLH1, hMSH2, hPMS2, and hMSH6) (Kolodner, 1996) . Microsatellite instability (MSI) is a characteristic molecular finding in most cases of HNPCC Tannergård et al, 1997) , and 13% of all cases of sporadic colorectal cancer (Ionov et al, 1993; Thibodeau et al, 1993) . MSI evolves through mutations or epigenetic alterations of genes involved in DNA mismatch repair. In HNPCC, inactivating mutations of MMR-genes cases have been shown to lead to MMR-deficiency and to MSI (Parsons et al, 1993) . In MSI-positive sporadic tumors and also in MSI-positive HNPCC tumors, silencing of hMLH1 involving promotor methylation has been associated with MMR-deficiency (Kane et al, 1997; Thibodeau et al, 1998; Kuismanen et al, 1999) .
Identifying a gene mutation carrier conventionally requires extensive testing of mismatch repair genes known to be responsible for HNPCC. Efforts have been directed toward assessing the best strategy for selecting individuals for mutation screening. The determination of tumoral microsatellites status or MSItesting has been suggested as the best method for selecting patients from colorectal cancer families for germline mutation analysis (Lamberti et al, 1999; Liu et al, 2000) . Immunohistochemistry of MMR-genes has been used to identify tumors with a loss of protein expression (Kane et al, 1997; Deng et al, 1999) . Because MSI is the functional consequence of the inactivation of the MMR gene(s), immunohistochemistry has been suggested as an alternative to MSItesting in selecting individuals for mutation screening (Marcus et al, 1999) . The aim of the first part of this study was to determine whether immunohistochemistry could be used as an alternative to MSI-testing to predict a mutation carrier with a known germline mutation in hMLH1 or hMSH2. To this end we used tumors from patients with germline mutations in the hMLH1 and hMSH2 genes. The degree of hMLH1 promoter methylation in HNPCC tumors and its relation to MSI status and MMR protein expression was also assessed.
It has been suggested that MSI-positive tumors and MSI-negative tumors might evolve through different mechanisms and sometimes even involve different pathways (Breivik and Gaudernack, 1999; Konishi et al, 1996; Olschwang et al, 1997; Salahshor et al, 1999b) . Sporadic MSI-positive tumors show clinical differences compared with MSI-negative tumors. Like HNPCC tumors, they seem to have a better prognosis (Gryfe et al, 2000; Lothe et al, 1993; Salahshor et al, 1999a; Sankila et al, 1996) . Sporadic MSI-positive tumors are almost exclusively localized to the right colon, and in one study it was found that right-sided tumors and tumors with MSI had a better response to adjuvant chemotherapy (Elsaleh et al, 2000) . Thus, it could be clinically important to assess MSI status in sporadic tumors. Immunohistochemistry has been suggested to be a practical tool for identifying mismatch repair deficient tumors (Marcus et al, 1999) . In the second part of this study, we evaluated the immunohistochemistry in identifying MSI-positive tumors among sporadic colorectal cancers. To this end, we studied sporadic colorectal tumors previously identified to be MSI-positive with immunohistochemistry for hMLH1 and hMSH2 protein expression (Salahshor et al, 1999a) . We also tested hMLH1-promoter methylation in these tumors, which has been suggested to be an alternate mechanism of silencing of hMLH1.
Results

HNPCC Tumors with Germline hMLH1 Mutations
Twenty-two tumors from patients with known germline mutations in the hMLH1, including 8 cases with a truncating mutation and 15 cases with missense mutations, were investigated in this study (Table 1) . Twenty of those 22 tumors were tested for protein expression, and all tumors expressed hMSH2. Fourteen of the 22 lacked hMLH1 expression. Six of those 14 had a truncating mutation, whereas the other 8 had missense mutations. All 14 tumors without hMLH1 staining were MSI-positive. However, both tumors with truncating and missense mutations also showed methylation of the promotor. One tumor (CT103) with a missense mutation in exon 10 was MSI-positive and expressed the protein. Because this mutation occurred together with a clearly pathogenic hMSH2 mutation, the pathogenic nature of this particular mutation is unknown. Three tumors (CT107, CT102, CT109) were microsatellite stable (MSS). These tumors had missense mutations within hMLH1 exon 16, previously found to be associated with MSI-negative colorectal cancer . All three of these tumors expressed the hMLH1 protein (Table 1 ). In Table 1 . Genetic, Epigenetic, and Protein Expression Alteration of HNPCC Cases
CRC, colorectal cancer; OVC, ovarian cancer; EC, endometrial cancer; TVA, tubulo-villous adenoma; UC, urothelial cancer; IHC, immunostaining; Methyl, hMLH1 promoter methylation test; 0, no results available; N, normal methylation at hMLH1 promoter site; M, methylated; HNPCC, hereditary nonpolyposis colorectal cancer; MSI, microsatellite instability.
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total, 6 tumors (3 MSS and 3 MSI tumors) with germline hMLH1 mutations showed normal expression of the protein using immunohistochemistry. Two MSI-positive tumors had a truncating mutation in exon 16 ( Fig. 1) .
Only 10 of the 23 tumors with hMLH1 mutations could be tested for methylation, and 5 of those (50%) displayed hypermethylation of the hMLH1 promoter. Three tumors showing promoter methylation (CT64, CT1, CT2), for which immunohistochemistry data was also available, did not express the hMLH1 protein.
Thus, the lack of expression of protein and the resulting MSI could either be due to the mutation or to hypermethylation of the promoter. Of the five tumors without detectable methylation at the promoter, two expressed the protein, one with an exon 16 mutation (CT102, MSS) and one with a deletion in exon 16 (M115). Two tumors without methylation and without protein expression (M104, CT29) had a truncating mutation and a missense mutation, respectively. The MSI present in these 2 tumors (which could be studied immunohistochemically and lacked protein expression) most likely were a result of the germline mutations detected.
HNPCC Tumors with Germline hMSH2 Mutations
Nine tumors from patients with truncating germline mutation in the hMSH2 were studied (Table 1 ). In one case (CT103), an additional hMLH1 exon 10 missense mutation of unknown significance was present. All eight tumors were tested for protein expression, and all tumors expressed hMLH1. No tumor with hMSH2 germline mutation showed nuclear hMSH2 expression (Table 1) . However, in two tumors with hMSH2 mutation, a distinct pattern of localization could be observed. In one case with a nonsense mutation at codon 458 (CT14) and another with a deletion at codon 513 (CT104), pronounced hMSH2 immunoreactivity in the cytoplasm could be detected. To explore the possibility of the existence of hMSH2 isoforms preferentially localizing in the cytoplasm, we extracted protein from Epstein-Barr virus (EBV)-transformed cell lines from the patients and performed
Figure 1.
Immunostaining for MLH1/MSH2 in colorectal tumors from HNPCC patients with known germline mutations (Table 1) . A, Case M115, with exon 16 deletion in hMLH1 and positive hMLH1 (A1) and hMSH2 (A2) staining. B, Case CT44 with missense mutation in exon 2 of hMLH1 and negative hMLH1 staining. C, Case CT102 with missense mutation in exon 16 of hMLH1 and positive hMLH1 expression. (Fig. 2) . However, this does not rule out the possibility that the aberrant compartmentalization of hMSH2 in these cases may be due to second somatic mutational hits.
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Sporadic MSI-Positive Tumors
Immunohistochemical assays were performed on 19 MSI-positive sporadic colorectal tumors. All 19 tumors were hMSH2 positive using immunohistochemistry ( Table 2) . Fifteen of the 19 (79%) were found to lack hMLH1 protein expression, whereas 4 tumors were positive (21%). None of these tumors were screened for any of the mismatch repair genes. The promoter region of hMLH1 was hypermethylated in 7 of 15 (47%) tumors without hMLH1 protein expression (Table 2).
Discussion
Use of Immunohistochemistry in HNPCC Cases
In this study the possibility of selecting individuals for mutation screening by immunohistochemistry was explored. The correlation between hMLH1 germline mutation and lack of hMLH1 protein expression using immunohistochemistry was not complete because tumors of six patients with germline mutations did express the hMLH1 protein. Of these six tumors, three had of a type mutation previously suggested to be disease related, although their tumors were MSS . Two cases with normal hMLH1 expression were MSI-positive. These two tumors had the common exon 16 truncation mutation (Table 1, Family 7) suggesting that the specific antibody's epitope is located N-terminally the exon 16-encoded part of MLH1. The MSI in tumor CT103 likely relates to the hMSH2 mutation, segregating with disease in the family, and the consequence of the hMLH1 missense mutation is unclear. However, other missense mutations in exon 10 in hMLH1 are known to be disease causing. Our data demonstrated that immunohistochemistry with the most widely used anti-MLH1 monoclonal antibody failed to detect the translational effects of some missense and even some truncating hMLH1 germline mutations. A similar lack of correlation between some germline mutations and protein expression was reported in another study (Ichikawa et al, 1999 ). Yet two other studies found a good correlation between germline mutations and lack of protein expression Marcus et al, 1999) . However, in the study by Cunningham et al, tumors also showed signs of promoter methylation that were not looked for in the study by Marcus et al. Thus, there is no consensus regarding the use of immunohistochemical expression analysis alone as a predictor of germline mutations in the hMLH1 gene.
In contrast, all eight HNPCC cases with hMSH2 germline mutation lacked protein expression of the corresponding gene as determined by immunohistochemistry. In all of these cases, the absence of hMSH2 expression could be associated with the truncating mutation, which is the most common type of pathogenic germline mutation in hMSH2. These results indicate that immunohistochemistry could be more efficient in predicting potential carriers with hMSH2 mutations than those with hMLH1 mutations.
Use of Immunohistochemistry in Sporadic Colorectal Cancer
In 15 of 19 (79%) MSI-positive sporadic colorectal cancer cases studied, no expression of hMLH1 protein was detected. This is in agreement with a previous report (Dietmaier et al, 1997) . The four tumors that did express the protein may have somatic mutations in any of the mismatch repair genes that were not 
IHC, immunohistochemistry; Methyl, hMLH1 promoter methylation status; M, methylated; N, normal.
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detected by immunohistochemistry. In general, immunohistochemistry can be used clinically to identify MSI-positive tumors. However, a significant fraction of these will remain undetected. Clearly localizing the exact epitopes of the monoclonal antibodies used in this and other studies could provide a refined rationale for the use of immunohistological expression analysis in the diagnosis of sporadic as well as inherited mismatch repair-deficiency states.
MLH1 Promoter Hypermethylation: Cause or Consequence
Promoter hypermethylation of cytosine-phosphorothioateguanine (CpG) islands of hMLH1 promoter is not restricted to colorectal cancer (Costello et al, 2000) . It has previously been shown that methylation begins in the normal colon mucosa as an age-related event and progresses to hypermethylation in cancer (Ahuja et al, 1998; Toyota et al, 1999) . These studies support the idea that hypermethylation is not always restricted to tumors. Whereas in HNPCC, tumoral MSI is thought to be due predominantly to inactivating mutations in the hMLH1 or hMSH2 genes, sporadic MSI-positive colorectal cancers seem more often associated with methylation of the hMLH1 promoter. Hypermethylation of hMLH1 promoter region have been detected in more than 50% of sporadic colorectal tumors lacking hMLH1 protein expression Wheeler et al, 2000) . The finding of frequent methylation of hMLH1 promoter also in the familial cases suggests that the correlation of MSI and mismatch repair genes deficiency may be even more complex. The methylation of some of the HNPCC tumors may simply reflect the global redistribution of 5-methylcytosine during cancer development Schmutte and Jones, 1998) with little functional significance. It is also possible that DNA methylation of promoter-associated CpG islands may represent an alternative mechanism to deletional processes as indicated by loss of heterozygosity. We even detected hMLH1 promoter hypermethylation in pre-malignant adenomatous polyps in two HNPCC cases (Table 1, CT4 and CT45) which supports the idea that methylation is an early event also in HNPCC carcinogenesis.
In summary, in this study we found that immunohistochemistry identifies most of the patients with germline mutations in hMSH2 and many cases with germline mutations in hMLH1. However, missense mutations and even truncating mutations of hMLH1 may be missed. Moreover, methylation of the hMLH1 promoter is common in familial as well as in sporadic MSI colorectal cancer, which suggests that the lack of immunohistochemical hMLH1 reactivity could lead to the erroneous inclusion of a patient in germ line sequencing efforts. Because the majority of sporadic MSI-positive tumors show hypermethylation of hMLH1 promoter and lack protein expression, immunohistochemistry provides a rapid screening tool for the identification of sporadic tumors with MSI. Nevertheless, even in this context, standard electrophoretic testing for MSI will provide a higher sensitivity. Although immunohistochemistry is unquestionably valuable, especially in the investigation of hMSH2-related HNPCC and hMLH1-related sporadic colorectal cancers, it is somewhat unreliable as a method that might replace the PCR-based tests for microsatellite instability.
Materials and Methods
Tumors
Thirty-one tumors from 15 HNPCC families, with known germline mutations in hMLH1 or hMSH2, were investigated (Liu et al, 2000; Wahlberg et al, 1999) . In addition, 19 MSI-positive sporadic colorectal cancer cases selected from 191 consecutively collected tumors also were examined. In previous studies, the MSI status of these tumors was established using monoand dinucleotide repeats markers (Liu et al, 2000; Salahshor et al, 1999a) . Criteria used for microsatellite instability or high frequency MSI (MSI-H) followed published guidelines Perucho, 1999) .
DNA Methylation Analysis
Genomic DNA samples were analyzed for the presence of hypermethylation at potential hMLH1 promoter sites (from codon Ϫ670 to Ϫ67) using PCRbased HpaII restriction enzyme assay as detailed previously (Kane et al, 1997) . The DNA was digested with HpaII or MspI enzymes. Digested and undigested DNA was amplified using a single primer pair (MLH1-27494: CGCTGCTAGTATTCGTGC and MLH1-25266: TCAGTGCCTCGTGCTCAC), electrophoretically separated in 1% agarose gels, stained with ethidium bromide, and visualized under UV illumination (Kane et al, 1997) . Unmethylated and methylated positive controls were included in all reactions (Fig. 3) .
Immunohistochemistry
For the immunohistochemical expression analysis of the mismatch repair proteins hMSH2 and hMLH1, all available tumors were stained using the murine immunoglobulin G (IgG) monoclonal antibodies clone FE11 (Calbiochem, San Diego, California) and clone G168-15 (BD PharMingen, San Diego, California), respectively. Three-micron sections were mounted on SuperFrost Plus glass slides, baked overnight at 45°C, deparaffinized in xylene, rehydrated in descending ethanol, and washed in water. For antigen retrieval, the slides were pressure-cooked in citric acid buffer (pH 6.5) for 5 minutes. Sections were incubated in 1:50 dilutions of the respective antibodies for 30 minutes at room temperature. Antigen-antibody complexes were visualized using standard alkaline phosphatase-antialkaline phosphatase techniques with Fast Red TR/Naphthol AS-MX (Sigma Aldrich Co., St. Louis, Missouri) as the chromogenic substrate. Slides were counterstained with methylene blue and coverslipped. Only nuclear immunolocalization of the MMR proteins was considered in the scoring. Cancer cells without nuclear signals were only scored as negative if neighboring lymphocytes or normal epithelial cells showed nuclear staining.
Western Blotting
Approximately 10 6 EBV-transformed cells were lysed in lysis buffer (20 mM HEPES, pH 7.6; 20% glycerol; 10 mM NaCl; 1.5 mM MgCl; 0.2 mM EDTA; 0.1% Triton X-100; 1 mM dithiothreitol) and 1 mM phenylmethylsulphonyl fluoride was added. Fifty micrograms of proteins were subjected to SDS-PAGE as described (Sambrook and Gething, 1989) . Proteins were transferred to polyvinylidene difluoride (PVDF) membranes and stained against a 1% Ponceau S. solution (SigmaAldrich, Stockholm, Sweden) to check the loadings and incubated with the primary and secondary antibodies overnight at 4°C in a solution containing PBS plus 0.1% Tween 20 and 4% milk. After washing with PBS plus 0.1% Tween 20, filters were probed with the same mouse monoclonal antibodies used for immunohistochemical staining (IHC), namely clone G168-728 (PharMingen) at 1:200 and clone FE11 (Calbiochem) at 1:200. Filters were incubated with enhanced chemiluminescent (ECL) substrate (Amersham, Les Ulis, France) and exposed to Hyperfilm (Amersham). Immune complexes were visualized with enhanced chemiluminescence by an image analyzer (Image Reader LAS-1000; Fuji, Tokyo, Japan).
